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Abstract
The interaction of water with metal surfaces is at the heart of electrocatalysis. But there remain 
enormous uncertainties about the atomistic interactions at the electrode electrolyte interface (EEI). 
As the first step providing an understanding of the EEI, we report here the details of the initial 
steps of H2O adsorption and complex formation on Ag(111) surface, based on coupling quantum 
mechanics (QM) and ambient pressure XPS (apXPS) experiment. We find a close and direct 
comparison between simulation and experiment, validated under various isotherm and isobar 
conditions. We identify five observable oxygen containing species whose concentrations depend 
sensitively on temperature and pressure. These include chemisorbed O* and OH*, H2O* stabilized 
by hydrogen bond interactions with OH* or O*, and multilayer H2O*. We identify the species 
experimentally by their O1s core-level shift that we calculate with QM along with the structures 
and free energies as a function of temperature and pressure. This leads to a chemical reaction 
network (CRN) that we use to predict the time evolution of their concentrations over a wide range 
of temperature (298K to 798K) and pressure conditions (10-6 Torr to 1 Torr), which agree well 
with the populations from apXPS.  This multistep simulation CRN protocol should be useful for 
other heterogeneous catalytic systems. 
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2Density Functional Theory (DFT); PBE-D3; ambient pressure XPS; Chemical Reaction Network 
(CRN)
Introduction
Ubiquitous in electrocatalytic systems are heterogeneous metal surfaces or metal nanoparticles 
interacting with a H2O based solvent. Classical examples include: CO2 reduction (CO2RR) using 
Cu, Ag, and Au 2–5 ;Oxygen Evolution (OER) using Ru, Ir, Pt, and IrO26,7; water gas shift reaction 
using ceria-supported, Pd, Pt, Rh, and Cu8,9. To systematically improve the performance of these 
processes requires understanding of the interface between the H2O phase and the transition metal 
surfaces. However, at a fundamental level the link between theory and experiments is lacking.10 
To determine atomistic nature of this interface, we recently combined ambient pressure X-ray 
photoelectron spectroscopy (apXPS) and Quantum Mechanics (QM) to elucidate initial steps of 
CO2 reduction on Cu(111) surface at 298K and ~ 1 Torr pressure, where we found that water plays 
a significant role: binding to a surface Cu+ site stabilized by a subsurface O to form a hydrogen 
bond (HB) that stabilizes bent CO2 (b-CO2), the intermediate in the reduction mechanism, which 
accepts H atoms from surface water leading to the reaction sequence 
l-CO2 + H2O → b-CO2 +H2O → HCO2 + OH → CO + 2OH. 11 
Similar experiments on Ag(111) showed that surface oxygen, O*, activates CO2 to form carbonic 
acid species, O=CO2δ− , which stabilizes up to four surface H2O leading subsequently to 
protonation. Likely related surface reactions play a role in such water involved reactions as the gas 
shift reaction and steam reforming reactions in addition to CO2RR. This makes characterizing the 
stability and concentration of oxygen containing species formed upon water adsorption essential 
to understanding of the first steps of adsorption, reaction, and selectivity to reduction products. 
Given the maximum water pressure that could be explored for this study, this work is directly 
crucial to gas phase catalytic process. Due to the explicit introduction of water molecule and related 
oxygen containing species, and a saturation observed from 0.03 Torr to 0.1 Torr, the relevance to 
liquid-solid interface could be implied.    
Previous experimental methods employed to provide a macroscopic picture for water adsorption 
on metal surfaces, include low-temperature UHV-based experiments,12,13 temperature-
programmed desorption spectroscopy (TPD),14–16 work function measurements,17 and ultraviolet 
spectroscopy or X-ray photoelectron spectroscopy (UPS and XPS). 18,19 Among these experimental 
methods, XPS provides the sensitivity and resolution to distinguish oxygen containing surface 
species (surface O atom, subsurface oxygen atom, water clusters, or byproducts of H2O 
decomposition such as OH), by measuring the O1s core electron binding energy (BE). Often, the 
XPS peak assignments are based on a combination of database20, previous publications, and 
chemical insight. In this work, we brought theory and experiments together, adding another layer 
of clearance and cross-validation. We created the following protocol to clearly and correctly reflect 
the chemistry: 
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3a) Screening based on Quantum Mechanics (QM) calculations of stable surface adsorbates free 
energy G, under experimental condition of temperature and pressure
b) Assignment of core level BE peak of stable surface species based on QM core level calculation 
c) Network: Chemical Reaction Network (CRN) kinetics simulation of the concentration of each 
surface species 
d) Deconvolution of XPS data using the QM core level shifts 
e) Sanity check: cross-validation of experiment and theory by matching the intensity of 
deconvoluted peaks with the concentrations predicted from the CRN. 
The key advantage of this new SANDS protocol is that both the peak position and peak intensity 
of multiple species in a complex system can be predicted in ab-initio, without empirical input. We 
predict the XPS spectrum from core-level QM calculations along with structures free energies, 
then to kinetics of the CRN, and then populations compare with experiment. These predictions are 
cross-validated directly with the apXPS. Every step in the SANDS protocol is based on QM 
electronic structure, thermodynamics, and kinetics. We expect this protocol to be easily 
transferable to other catalytic scenarios. 
We demonstrate this procedure by disentangling the complex landscape of H2O adsorption on 
Ag(111) at 298K and various pressures, as shown in result section 3, then we predict the 
concentrations as a function of pressure and temperature, which are tested and validated by 
experiments in result section 4. This leads finally to predicting the overall concentration landscape 
from room temperature to 500 ºC, with pressure from 10−6 Torr to 1 Torr, in result section 5.      
Method         
1) Theory Method
1a) DFT Calculation
All calculations, including geometric optimization, free energy correction, and O1s core-level shift, 
were carried out with the Vienna Ab-initio Simulation Package (VASP).21 We used the Perdew-
Burke-Ernzerhof (PBE) formulation of the generalized gradient approximation (GGA) exchange-
correlation functional using the projector-augmented (PAW) method and including the D3 
(Grimme, Becke, and Johnson)22 empirical corrections for long-range London dispersion.23 We 
used a plane-wave basis set cutoff of 600 eV. We sampled reciprocal space by a Γ-centered 
Monkhorst-Pack scheme with 3×3×1 for all calculations. 
The PBE-D3(BJ) level of DFT leads to a calculated lattice parameter of a = 4.012 Å for the bulk 
Ag structure at 0 K, taking into account of the linear thermal expansion coefficient of Ag (19 
*10−6/K) , the lattice parameter would be 4.035 Å at T= 298K, slightly smaller than the 
experimental value 4.085 Å at 298 K. 24 Because D3 does not address the screening in metal well25, 
we used experimental lattice parameter 4.085 Å to construct a two-dimensional periodic slab with 
four layers of Ag (111) atoms each of which consists of a (4×4) unit cell (16 surface Ag per cell) 
in order to capture the strain energy of thermal expansion under experimental condition. We found 
that using D3 lattice parameter vs. using experimental lattice parameter does not shift the relative 
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4adsorption energy, shown in Table S2. We include 25 Å of vacuum in the z direction to minimize 
possible interactions between the replicated cells. Dipole correction is included. The top two layers 
are relaxed while the bottom layers are kept fixed. The O1s core-level relative to gas phase H2O 
was used to the position of the center of the peak. More detailed discussion of core-level shift 
calculation is included in supporting information. 
Calculations for the gas phase molecules used the same level PBE functional (as implemented in 
Jaguar) with the D3 empirical correction for London dispersion.22 Jaguar26 has post-processing of 
translational, rotational, vibrational entropy and enthalpy implemented described in SI. 
Consistency between frequency modes generated in Jaguar, VASP, and experiments are included 
in Table S3.  
We assumed roto-translational model for adsorption of molecules, as described in reference27 to 
obtain the total free energy, G=H-TS, for the gas molecules at temperature T, we add to the DFT 
electronic energy (E), the zero-point energy (ZPE) from the vibrational levels (described as simple 
harmonic oscillators), and the specific heat corrections in the enthalpy from 0 to T. The entropy 
(S) is evaluated from the same vibrational levels. To correct the free energy for pressure we assume 
an ideal gas and add RT×ln(P2/P1) with a reference pressure of P=1 atm.  
1b) CRN Kinetics Simulation
CRN theory has attracted surging interests among biologists, mathematicians, computer scientists, 
and chemists. Interesting works in bulk reactor28, molecular biology and DNA programming29 and 
ect. benefit from the CRN theory. It aims at relating the topological features of a system using a 
set of non-linear, parameter dependent network of ordinary differential equations.30 From an 
abstract level, individual chemical reactions happening at the rate Kij are denoted as: 
∑
𝑗 ∈ 𝑆
ɑ𝑖𝑗 𝑆𝑗   𝐾𝑖𝑗 ∑
𝑗 ∈ 𝑆
𝛽𝑖𝑗 𝑆𝑗
Where } is a complete set of chemical species, and   are non-negative integers that 𝑆{𝑆𝑗 ∈ 𝑆 ɑ𝑖𝑗 , 𝛽𝑖𝑗
are directly related to the stoichiometry of the reactants and products. Thus, we can arrange the 
stoichiometry factors into an   by  matrix, where  stands for the number of chemical species, 𝑛𝑠 𝑛𝑟 𝑛𝑠
and  stands for the number of reactions, and then we can assign rate constant. 𝑛𝑟
We relate the QM formation free energies to the reaction rate constant K, using the Arrhenius 
equation K= . Thus for the reaction A+B → C, the  As kB ∗ Th ∗ exp ( 𝑑𝐺𝑘𝐵 ∗ 𝑇) d[C]tdt =  [A]t ∗ [B]t ∗ K. 
the reaction proceeds, products from previous reaction serve as the reactants for the subsequent 
reaction. Our purposed CRN is shown in the Result Section 2. We obtained numerical solutions 
for the CRN31 at equilibrium state in terms of the population for each species for the (4×4) unit 
cell. The predicted population of each species is then used to determine the height of XPS peak 
(the full width at half maximum (FWHM) is determined as 0.8 eV, for visualization purposes.) 
2) Experimental Methods
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5Ambient pressure XPS measurements were performed at Beamline 9.3.2 of the Advanced Light 
Source, Lawrence Berkeley National Laboratory.32 The pristine Ag surface was prepared in-situ 
in the vacuum chamber by repeated argon sputtering (2keV, 60mins) and vacuum annealing (900 
K, 60mins). As the (111) surface is closest packed, energetically the most favorable facet for 
fcc metals (such as Ag and Cu), experimental evidence indicates that silver (and Cu) catalyst 
treated with high temperature exposes this facets.1,33,34 Thus our simulations assumed the Ag(111) 
surface to correlate with the experimental observations on vacuum annealed polycrystalline Ag 
surface. 
For the isothermal comparisons, we considered the H2O partial pressure from 10−6 Torr to 0.1 Torr. 
For the isobaric comparisons , we heated the sample from 298K to 573K while keeping the H2O 
partial pressure at 0.1 Torr. The purities of the dosing gases (H2O) were in-situ monitored by a 
conventional quadrupole mass spectrometer to ensure no additional gas cross-contamination. 
The XPS spectra were collected at an incident photon energy of 670 eV, in the following order: 
a low-resolution survey with a binding energy of 600 eV to –5 eV, then high-resolution scans 
of the O1s. The carbon containmination is minor (estimated to be at most ~0.05mL). For the 
completion of this work, the extreme scenario of such containmination is discussed and 
analyzed in supporting information. The IMFP (inelastic mean free path) for the photoelectrons 
was below 0.9 nm for all the spectra collected. For each condition, samples were equilibrated 
for at least 30 min before measurements. By taking spectra at different sample spots and 
comparing spectra before and after beam illumination for 2hrs, we found beam damage on the 
sample is negligible during the measurements. 
Result and Discussion
1) Adsorption geometry and O1s BE
Six species were investigated using DFT, with their adsorption geometries shown in Figure 1. H 
atoms are black circles, O atoms are red circles, and Ag substrates are silver circles. We found that 
isolated OH* and O* adsorb at fcc 3-fold sites, while isolated H2O* adsorbs at the on-top site, 
consistent with previous calculations.35 We find that H2O molecule are stabilized by forming 
hydrogen bonds to surface O* or OH*, which we denoted as H2O*---hb. We find that Multilayer 
H2O molecules can be stabilized by OH*. To be specific, we calculated that in H2O-OH, the O1s 
level in OH is the same as that in OH* alone; where as in H2O-O, the O1s level in O is the same 
as that in O* alone. Thus, the concentration of species H2O*---hb is calculated explicitly. 
The O1s core-level of each species is calculated using DFT with the relative values compared with 
experiment in Figure 2. The stability of these species as a function of temperature and pressure are 
shown and discussed in detail in section 2 and section 4. 
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6  
Figure 1. Predicted O1s core-level shift vs. experimental binding energy (BE). Six possible oxygen 
containing surface species with five groups of BE are identified using DFT. The calculated O1s 
corelevel shift are compared directly with experimental BE. From high binding energy to low 
binding energy, these species are multilayer H2O*, H2O*, H2O*--hb (including H2O*--OH and 
H2O*--O), OH*, and chemisorbed O*. This excellent comparison validates accuracy of the 
calculations interpretations of the experiment.
2) Proposed CRN
We propose a chemical reaction network, CRN, consisting of 12 reactions, where ‘*’ denotes a 
surface site or adsorbed species, ‘g’ represents the gas phase, and ‘---hb’ indicates hydrogen bond 
formed with neighboring O or OH. Two extreme pressure condition (10−6 Torr and 0.1 Torr under 
room temperature) are chosen as representatives. G1 is the free energy for 0.1 Torr and G2 is the 
free energy for 10−6 Torr. The favorable reactions with negative energy are highlighted in boldface. 
(1)       adsorption O*+ H2Og + *→ O*+ H2O*---hb, 
      G1 = −0.28 eV, G2 = 0.02 eV
(2)       adsorption OH*+ H2Og+ *→ OH*+ H2O*---hb, 
      G1 = −0.14 eV, G2 = 0.16 eV
(3)       reaction      O*+ H2O*---hb → 2OH*,  
      G1 = −0.32 eV, G2 = −0.32 eV
(4)       diffusion    H2O*---hb+ OH*→H2O*+ OH*,
      G1 = 0.28 eV, G2 = 0.28 eV
(5)       diffusion     H2O*---hb+ O*->H2O*+ O*, 
      G1 = 0.41 eV, G2 = 0.41 eV
(6)       desorption H2O* → H2Og + *, 
      G1 = −0.14 eV, G2 = −0.43 eV
(7)       adsorption H2Og + * → H2O*, 
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7      G1 = 0.14 eV, G2 = 0.43 eV
(8)       desorption OH* + H2O*---hb → OH*+ H2Og, 
      G1 = 0.14 eV, G2 = −0.16 eV
(9)       desorption O* + H2O*---hb → O*+ H2Og, 
      G1 = 0.28 eV, G2 = −0.02 eV
(10) adsorption OH*+ H2O*---hb + H2Og →OH* + multilayerH2O, 
      G1 = −0.02 eV, G2 = 0.29 eV
(11) desorption OH* + multilayerH2O → OH*+ H2O*---H + H2Og, 
      G1 = 0.01 eV, G2 = −0.29 eV
(12)  reaction      2OH* → O*+ H2O*---hb,  
G1 = 0.32 eV, G2 = 0.32 eV
We consider this CRN to include all possible initial steps of H2O adsorption. Direct desorption of 
O* + O* → O2 is not included in the current CRN, because its barrier is reported to be 43.1 
kcal/mol (1.87 eV)36. Direct dissociation of H2O* → OH* + H* and OH* → O* + H* are not 
included in the current CRN because their barriers are reported to be 1.80 eV, and 2.40 eV37 
respectively, which are orders of magnitude slower than all the presented than the reactions 
considered in current CRN (all within 0.5eV).
The lacking of water experimental data on Ag (111) is a known issue, as stated in reference38 
“experimental characterization of H2O monomer adsorption is exceedingly difficult, complicated 
by facile H2O cluster formation. Cluster formation is problematic because it masks the true H2O-
metal interaction, making it difficult to make definitive statements about H2O-metal bonding.” On 
the other hand, we found a high quality calorimetry data of water splitting on Pt (111).39  We expect 
the standard temperature pressure ΔG to be similar. The experiments concluded that the enthalpy 
for water splitting (activated by surface oxygen O*) is 57.4 and 60.2 kJ/mol (0.57eV and 0.60eV 
respectively for 2:1 and 3:1 H2O to O* ratio), which is a fairly good comparison with the values 
we have here (0.74eV and 0.67eV respectively).  
3) Direct Comparison of Theory and Experiment
To validate our protocol, we used two extreme pressure conditions (0.1 Torr and 10−6 Torr) for 
H2O adsorption on Ag(111) surface . Direct comparison of theory and experiment is illustrated in 
Figure 2. 
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Figure 2. Predicted XPS spectrum vs. experimentally observed spectrum under two extreme 
conditions. (a)  Experimentally observed and (b) DFT simulated O1s spectra with 0.1 Torr and 
10−6 Torr H2O adsorbed on Ag surface. (c) The time evolution of species’ concentration predicted 
by CRN. Color code is the same throughout this paper: O* is blue, OH* is red, H2O*--hb is black, 
H2O* is blue, and multilayer water is magenta. The overall signal is depicted using grey line. The 
initial O* concentration is fixed, and is estimated to be ¼ ML. The top row is the high water 
pressure condition (0.1 Torr), whereas the bottom row is low water pressure (10−6 Torr). Under 
high pressure condition, O* is quickly consumed and OH* became the dominate species; whereas 
under low pressure condition, only a fraction of O* is consumed. Although small effect, there's 
possibility of contamination of COxHy species showing up on Ag surface. In this work, the 
contribution from possible carbon contamination is labeled by # and ## in the figure. A detailed 
analysis explaining the scale of such contamination is included in the supporting information. 
The results can be explained in terms of the chemistry. 
At high pressure (0.1 Torr), the dominant chain reactions are:
O*+ H2Og → O*+H2O*---hb             (1), 
followed by,
O*+ H2O*---hb → 2OH* (3),
This surface OH* can then stabilize additional gas phase H2O and multilayerH2O, as in 
OH*+ H2Og → OH* +H2O* (2),
OH*+ H2O*---hb + H2Og →OH* + multilayerH2O            (10),
Page 8 of 19
ACS Paragon Plus Environment
Journal of the American Chemical Society
1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60
9Assuming the initial surface concentration of O* sufficiently dilute (¼ ML) that the above product 
species can be accommodated, all O* should be consumed, so that the O* peak (blue) would be 
undetectable, as observed. Instead, strong OH* (red), moderate H2O*, H2O*---hb, and multilayer 
H2O* peaks are detected. 
Under low pressure (10−6 Torr), the chemistry is different:
O*+H2Og ↔ O*+H2O*---hb (1), 
is in equilibrium. Although reaction 
O*+H2O*---hb → 2OH* (3),
is exoenergetic, the equilibrium would have a fraction of surface O* binding to H2Og to convert 
into OH* via (1) and (3). As a result, strong O* and weak OH* peaks are detected. Extrapolated 
from the low pressure regime XPS data, the O* concentration is estimated to be ¼ ML. Note that 
we are not able to compare directly the population of gas phase H2O (white) because the volume 
of the gas phase probed by XPS is uncertain. The relative concentration for all species are in good 
agreement with experiment.   
4) Predictions as a function of pressure and temperature 
4a). Isotherm condition at 298K
Pressure plays two major roles in the kinetics. 
1). Increased pressures of H2Og increase the total amount of H2O and products on the surface. 
(pV= nRT). Collison frequency increases as well, where the flux of particles impinging on the 
surface is given by fs = 𝑝/ 2𝜋𝑚𝑘𝐵𝑇
2). The entropy term depends on pressure by RT×ln(P2/P1), so that the free energy for reactions 
involving adsorption and desorption are pressure-dependent.
As shown in Figure 3b), we predict that there are two regions of interest: 
 the low pressure region (below ~10−5 Torr) where chemisorbed O* is dominant and some 
amount of OH* is observed; and 
 a more interesting high pressure region (~10−3 Torr - 1 Torr), where all oxygen containing 
species are present except for chemisorbed O*. 
The dominant species under high pressure region is OH*. This is further validated in the 
experimental data shown in Figure 3a). 
Both experiment and theory arrives at the same trend for all species, which are summarized as: 
OH* coverage increases until ~10mTorr and then decreases because of site constraint, as shown 
in reaction 3) O*+ H2O*---hb → 2OH*, where two adjacent sites are required for the production 
of OH*. H2O*, H2O*--hb and multi H2O* coverage increases as pressure increases; among which 
H2O coverage increases at the fastest speed. 
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Figure 3 Comparison of experiment XPS spectrum and theory spectrum under isothermal 
condition at 298 K. the pressure increases gradually from bottom row to top row. In the low 
pressure region (below ~10−5 Torr), chemisorbed O* is dominant and some amount of OH* is 
observed; in the more interesting high pressure region (~10−3 Torr - 1 Torr), all oxygen containing 
species are present except for chemisorbed O*. Both experiment and theory show the same trend 
for all species, as discussed in text. 
4b). Isobar condition at 0.1 Torr
Temperature also plays two major roles in the kinetics.
1). The rotational, vibrational and translational entropy term depends on temperature, as calculated 
in Jaguar Maestro.  
2). The exponential part of the rate constant, K=  is most sensitive to the kB ∗ Th ∗ exp ( 𝑑𝐺𝑘𝐵 ∗ 𝑇)
temperature for all 12 reactions involved in the CRN.
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Figure 4b) shows that we predict a non-negligible amount of chemisorbed O* starts to appear at 
around 423 K, whereas all other species, such as multilayer H2O*, H2O*, and OH-H2O* desorb to 
significantly decrease the signal, in general agreement with the experiment shown in Figure 4a). 
The only small discrepancy is that OH* was observed to decrease quickly experimentally, whereas 
theory does not show such a dramatic decrease, although some decrease is found at higher 
temperature, see Figure 5. A detailed discussion of possible sources of discrepancy and future 
direction can be found in the conclusion section.
  
Figure 4 Comparison of experiment XPS and theory spectra under isobaric condition at 0.1 Torr. 
The temperature increases gradually from the bottom to the top. Both experiment and theory show 
appearance of O* around 373 - 423 K while all other species decrease in their intensity as 
temperature increases.
4c). Overall landscape
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Figure 5 Overall landscape of oxygen containing species, predicted using QM and CRN. The 
relative concentration of each species at every pressure (from 10−6 Torr to 1 Torr) and temperature 
(from 298.15 K to 798.15 K) are shown. The star sign shows the transition between O* rich region 
to OH* rich region, which is shifted to higher pressure as temperature increases. The surface 
coverage section provides direct visualization of the populations for different species. The 
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maximum coverage 1ML is depicted as the big 10×10 box as the drawing board, and thus every 
0.01ML is a small square within the drawing board. To directly show the concentration of every 
species, we colored the small boxes accordingly. The color code is consistent as other figures: O* 
is blue, OH* is red, H2O*--hb is black, H2O* is blue, and multilayer water is magenta.
Figure 5 shows our predictions across a wide range of temperature and pressure, from 298 K to 
737 K and 10−6 Torr to 1 Torr. We find a high pressure region in which all species exist except O*, 
and a low pressure region, having strong O* signal and moderate OH* signals. We report that this 
transition point moves to the right side (higher pressure side) as temperature increases, marked 
using the star sign in Figure 5. This is mostly because reaction 3 is exothermic, so that more O* 
would be present at higher temperature. O* and OH* are arguably the most important 
intermediates in this system, since they further determine the concentration of H2O*, H2O --hb and 
multilayer H2O* as reaction 1, 2, and 10 proceed.  At every T/P grid in Figure 5, we can visualize 
the relative concentration of all oxygen containing species.
Conclusion
We present here the details of how H2O interacts initially with the Ag(111) surface, predicting the 
free energy and kinetics to determine the concentration profile of all the 5 oxygen containing 
surface species across a wide range of pressure and temperature (pressure from 10−6 Torr to 1 Torr, 
and temperature ranging from 298K to 798K). These results explain the role of O* and OH* as 
important intermediates, showing how concentrations of every species is closely connected to all 
other oxygen containing surface species, and matching available data from the apXPS experiments. 
The constraint in kinetic model is that every species’ concentration is bounded by 0 ML and 1 ML. 
In terms of the concentration profile, we found that even at pressure as low as 0.1 Torr, the surface 
coverage is quite high, and saturation is observed from 0.03 Torr to 1 Torr. And after saturation 
reached, there’s still small area that’s uncovered. H2O alone does not split to OH* and O* 
automatically, but with the promotion of OH* and O*, this splitting is observed. This is consistent 
with the previously reported non-wetting behavior of Ag(111) surface. 38,40 
Due to the novelty of the current CRN approach, the discussion of possible discrepancy with 
respect to experimental data is very open. In general, there are several directions (higher order 
approximations and corrections) for future work in this field. 
1) The energetic term as well as kinetic constants term would no longer be a “constant” but 
rather dynamical. As coverage increases, kinetic constants could be explicitly extrapolated from 
the different geometry. This requires a huge amount of extra calculation and correction to be made.  
Thus, for the reaction A+B → C, d[C]t/dt= [A]t×[B]t×K, then K would be dependent on [A]t, [B]t 
and even [C]t at the same time, which may need to be solved self-consistently. This would increase 
the computational effort extensively but this would explain why a more crowded species such as 
H2O-OH is over stabilized, because it should have felt the repulsion of surrounding more when 
concentration is higher (Figure 2, high pressure case).  
2) A specific CRN model targeted to surface could be developed, meaning that surface sites 
will be taken into consideration to differentiate the top site of H2O*, the fcc site of OH* and O* 
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and etc. The current CRN model can be classified as bulk-CRN, where the concentration of product 
is only dependent on the concentration of reactants, and it is acceptable for adsorption/desorption 
between gas/liquid phase molecules and surface. However, in a surface-CRN scheme, the surface 
reaction such as O* + H2O---hb → OH* + OH* would only happen when species are adsorbed 
explicitly on neighboring sites and when two adjacent 3-fold sites for the OH* are available. Thus 
the current CRN model could predict an OH* population higher than reality.  
3) Contamination such as hydrogen and carbon are possible. Hydrogen could react with 
surface OH, forming H2O and desorb easily at high temperature, but hydrogen complicates the 
issue because it cannot be directly observed in XPS. On the other hand, possible carbon 
contamination can be analyzed by analyzing C1s signal, as discussed in supporting information.   
Combining QM free energy, QM corelevel-shift, CRN kinetics, and XPS experimental data, we 
demonstrate a procedure to provide an atomic description compatible with the macroscopic 
observables. Theory and experiment are intertwined closely to provide a chemical understanding, 
in both qualitative and quantitative agreements. We demonstrate the SANDS protocol that 
provides a robust interpretation from theory side, which is cross-validated against experimental 
data. Because of its fundamental grounding in thermodynamics and kinetic theory, this method 
should be applicable to a broad surface systems of interest. 
Supplementary Information
Figure S1-S5: Detailed analysis of possible carbon contamination under two extreme conditions.
Figure S6 Hypothetical illustration of high pressure (1 Torr) surface species. 
Table S1 Formation energy ∆G as a function of pressure from the QM based CRN.
Table S2 Comparison of energy using D3 parameter vs. experimental lattice parameter.
Table S3 Consistency between Jaguar and VASP frequency modes vs. experimental data. 
Discussion of core-level shift calculation and CRN kinetics 
Text file Result.txt. Concentration profile across all temperature and pressure. 
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